The mechanism of cell proliferation by a combination of thyroid-stimulating hormone (TSH) and insulin-like growth factor-I (IGF-I) was studied in rat thyroid (FRTL-5) cells. IGF-I stimulated an -3.5-fold increase in the rate of Ca2" influx sustained for at least 6 h in TSH-pretreated cells but not in quiescent cells. The significant cell proliferation was observed when TSH-primed cells were incubated with IGF-I for 24 h but not for 12 h. IGF-I stimulated the rate of Ca2" influx in a dose-dependent manner that was similar to that for induction of DNA synthesis. Both Ca2" influx and DNA synthesis observed in response to IGF-I in TSH-primed cells were inhibited by cobalt. In addition, the stimulations of Ca2" influx and DNA synthesis by IGF-I were dependent on extracellular Ca2+ in TSH-pretreated cells. When TSH-primed cells were pretreated with pertussis toxin, both IGF-I-induced Ca2+ influx and DNA synthesis were abolished. However, pertussis toxin did not block the priming action of TSH or forskolin. When calcium entry was induced by Bay K8644, it stimulated cell growth in TSH-primed cells but not in quiescent cells. Moreover, cobalt and lanthanum inhibited DNA synthesis even when added several hours after the addition of Bay K8644 but not when added 24 h after the growth factor in TSH-primed cells. These findings suggest that at least two important mechanisms may work in response to IGF-I only in the TSH-primed
Introduction
Proliferation of cells can be induced by combined addition of two or more growth factors. Competence factors render G0-arrested quiescent cells to become competent and these cells are capable of progressing through GI to S phase of the cell cycle in response to progression factors (1) (2) (3) . Thus, the actions of growth factors are dependent on the cell cycle. In rat thyroid (FRTL-5) cells, thyroid-stimulating hormone (TSH) may function at least as a competence factor and make cells competent to respond to a progression factor, insulin-like growth factor I (IGF-I),' which may enable the cells to progress through GI to S (4). Therefore, IGF-I markedly stimulates DNA synthesis in cells pretreated with TSH but not in G0-arrested quiescent cells. It is, however, not clear how these growth factors acting on cell surface receptors promote the synergistic effect on mitogenesis. In this regard, events that occur in the GI stage ofthe cell cycle are commonly thought to regulate mitogenesis (5) . Therefore, understanding the molecular events that occur during the GI stage after stimulation of G0-arrested cells which made them proliferate, should provide important information about the mechanism of growth regulation. In this paper, the nature of the events that occur when cells move out ofthe G0-arrested quiescent state into the active cell cycle was studied.
Most effects of TSH on the thyroid are mediated through activation of the adenylate cyclase-cyclic AMP system (6) . Additionally, TSH is reported to stimulate phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis (7, 8) . On the other hand, IGF-I activates the tyrosine kinase activity of the IGF-I receptors (9, 10) . Moreover, the activations of these second messengers by IGF-I or TSH are not dependent on the cell cycle. However, the effects of IGF-I on mitogenesis are observed in TSH-pretreated cells but not in quiescent cells. Taken together, it seems possible that IGF-I binding ofspecific receptors might result in the generation of other mitogenic signals than the activation of tyrosine kinase in the GI phase of the cell cycle. Calcium ion and calmodulin, the major Ca2+ receptor which is the mediator of many Ca2+-dependent intracellular processes, play important regulatory functions in the cell cycle regulation (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . When the concentration of extracellular free calcium is reduced, cells do not proliferate ( 14, 15) . Based on these considerations, it is proposed that IGF-I may be capable of producing a calcium-related mitogenic signal in a cell cycle-dependent manner.
To examine this hypothesis, we have investigated the effect of IGF-I on the calcium influx in TSH-pretreated competent cells or Addition of IGF-I to the cells pretreated for 5 h with TSH, forskolin, or Bt2cAMP markedly produced increases in the rate of Ca2+ influx (Fig. 2 A) . In contrast, IGF-I did not stimulate Ca2+ influx in quiescent cells when presented to the cells either alone or concomitantly with TSH or Bt2cAMP (Fig. 2   B ). In addition, IGF-I did not increase the Ca2" influx rate in the cells preincubated for 0.5 or 1 h with TSH (data not shown). Time (h) (Fig. 5 A) . The maximal effect of IGF-I was detected at 1 nM. Fig. 5 to IGF-I were markedly dependent on extracellular Ca2`in TSH-primed cells. Effects ofpertussis toxin on Ca2+ influx and DNA synthesis by IGF-I. We investigated the possibility of GTP-binding protein involvement in the action ofIGF-I. Treatment ofpertussis toxin at different times before and after addition of the growth factors showed that it inhibited DNA synthesis even when added several hours after TSH and IGF-I in quiescent cells (Fig. 7) . Moreover, as shown in Table IV, addition ofTSH plus   Table III (Fig. 8 A) . Moreover, DNA synthesis induced by IGF-I was also inhibited in a dose-dependent manner by pretreatment with pertussis toxin (Fig. 8 B) . At 1 ng/ml, pertussis toxin had a maximal effect. Therefore, doses of pertussis toxin that inhibited IGF-I-induced DNA synthesis correlated well with those to block IGF-I-stimulated Ca2" influx. In contrast, IGF-I stimulated both Ca2" influx and DNA synthesis when quiescent cells were primed with TSH or forskolin in the presence of pertussis toxin (Fig. 9) (29) . In contrast, TSH is capable of depolarizing cell membrane potentials (30) and Bay K8644 induces a rise in cytoplasmic free calcium (31) 33) .
Some growth factors stimulate the hydrolysis of phospholipids and the formation of second-messengers such as diacylglycerol (DAG) or inositol phosphates. Moreover, calcium entry is reported to be induced by second messengers gener-ated following receptor activation (34, 35) . In contrast, Ca2" influx enhances the sustained production of DAG in leukocytes (36) . IGF-I and insulin stimulate a phospholipase C which hydrolyses a glycosyl-phosphatidylinositol and the consequent formation of two second messengers, DAG and inositolphosphate-glycan (37, 38) . Additionally, TSH plus IGF-I and TSH plus insulin synergistically elevate DAG content of FRTL-5 cells (39) . Whether Ca2" influx and DAG production by IGF-I plus TSH are parallel or sequential responses remains to be clarified.
On the other hand, it has been proposed that DAG induced by TSH plus insulin may activate protein kinase C, which may mediate the proliferative response in FRTL-5 cells (39) . However, a combination of TSH and insulin can induce mitogenesis even in FRTL-5 cells in which the level of PKC is reduced (40) . Moreover, PKC has a stimulatory effect on the Go to GI transition and an inhibitory effect on the GI to S transition in FRTL-5 cells (40) . The role of DAG induced by IGF-I plus TSH in mediating the proliferative responses in FRTL-5 cells is not clear at present.
In summary, at least two important mechanisms may work in response to IGF-I only in TSH-primed GI phase of the cell cycle: first, IGF-I can activate directly or indirectly the Ca2" channel via a pertussis toxin-sensitive substrate in TSHprimed cells; and second, a long lasting calcium entry by IGF-I may be a cell cycle-dependent mitogenic signal.
